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For the past decade, photonic crystals, also 
known as photonic bandgap (PBG) materials, 
have inspired great interest because of their 
novel scientific and engineering applications 
such as the inhibition of spontaneous emis-
sion, thresholdless lasers, optical circuits, an-
tennas, waveguides, detectors, fibers, and so 
on. Creating defect states within the PBG are 
ven' important for such applications. Recently, 
we have reported the eigenmode splitting due 
to coupling of the localized defects and guiding 
of the electromagnetic (EM) waves through a 
periodic arrangement of such defects in three-
dimensional (3D) photonic crystals. Although 
the modes of each cavity vvere tightly confined 
at the defect sites, overlapping herween the 
nearest-neighbor modes is enough to provide 
the propagation of photons via hopping.1 
In this work, we report on the observation 
of guiding and bending of EM wave through 
QWA6 Fig. 1. (a) Schematic view oftheexperimentalsetup. Top views of three different waveguides: 
(b) straight, (c) 6 = 40° bended, (d) L-shaped. 
QWA6 Fig. 2. (a) Transmission characteris-
tics along the stacking direction of the photonic 
crystal. The lull photonii bandgap is ranging 
from 10.6 GHz to 12.8 GHz. (b) Transmission 
amplitude as a function of frcquency for straight 
path waveguide [correspondto Fig. Kb) . A com-
plete transmission is observed within the guiding 
band. (c) Transmission spectra for bended 
waveguides: (c) 8 = 40° |correspond to Fig. ](c)| 
andtd)w = W 1 correspondto Fig. Ud)].lnhoth 
IJH'S, the losses are - ld percent. 
evanescent defect modes for three different 
PBG waveguide structures [Fig. l (b-d)] . We 
used the layer-by-layer dielectric based pho-
tonic crystal1- based on square shaped alu-
mina rods (0.32 cm X 0.32 cm X 15.25 cm). 
The experimental setup consists of a HP 85 IOC 
network analyzer and microwave horn anten-
nas to measure the transmission-amplitude 
and transmission-phase properties. As shown 
in Fig. 2(a) thesix unit cell crystal exhibits a 3D 
photonic bandgap extending from 10.6 to 12.8 
GHz. The defects were created by removing a 
single rod trom a single layer ol the unit cell, 
where each cell consists of 4 layers having the 
symmetry of a face centered tetragonal (fet) 
structure. The electric field polarization vector 
of the incident EM wave e was parallel to the 
rods of the defect layer for all measurements. 
We first measured the transmission charac-
teristics ol the straight path waveguide, wfaich 
consists o f l l unit cell fet crystal [see Fig. l(b)]. 
The defect array was created by removing a 
single rod from each unit cell. The distance 
between defects is I = 1.28 cm. Nearly a com-
plete transmission was observed throughout 
the entire waveguiding band [Fig. 2(b)[. To 
test bending of the EM wave around a pho-
tonic crystal corner, we used two different 
structures with40" and 90°bendingangles [see 
Figs. l(c) and l(d)[. The results are shown in 
Figs. 2(c) and 2(d), respectively. In the both 
cases, we observed that the transmission is 
greater than 90% for all frequency range 
within the waveguiding band. The guiding and 
bending can be improved by increasing the 
number of unit cells. 
The guiding or bending of EM waves 
through the localized defect modes via hop-
ping is different from previously proposed 
photonic crystal waveguides,--4 in which the 
complete transmission can be obtained only at 
certain frequencies.5 
We obtained the dispersion relation ol the 
waveguiding band from the transmission-
phase measurements for the straight path 
waveguide Isee Fig. \(b)]. The dispersion rela-
tion can also be calculated within the tight-
binding (TB) approximation 
0>t = n [ l + KCOS(Jfcl)], (1) 
where i l is resonance frequency of a single 
defect, K is a TB parameter which can deter-
mined from the splitting of two coupled cavi-
ties or the waveguiding bandwidth, and L is the 
distance between the two consecutive defects.' 
Figure 3 shows comparison of the measured 
and calculated dispersion relations. Except the 
band edges, there is an excellent agreement 
between experiment and theory. Based on our 
observations, we think that this discrepancy 
can be further reduced by taking more num-
bers of unit cells. 
It is very important to note that the group 
velocity, vg{k) = dio^dfc = - K Ü sin(fcL), van-
ishes at the band center and the band edges. 
The small group velocity plays a critical role in 
the nonlinear optical processes. For example, 
sum-frequency generation can be enhanced at 
the band edges. In addition, the small group 
velocity leads to the enhancement of stimu-
QWA6 Fig. 3. Dispersion diagram of the 
waveguiding band within the photonic bandgap 
predicted from the transmission-phase measure-
ments and calculated by using tight-binding pic-
ture with K = -0.047 (Eq. 11. 
lated emission since the effective gain is pro-
portional to \lvJJ<).M 
In conclusion, we have proposed and dem-
onstrated a new mechanism to manipulate 
propagation of KM waves in 3D photonic crys-
tals. Photons hop from one evanescent defect 
mode to the next one regardless of the direc-
tion of propagation. A complete (near 100 per-
cent) transmission along a straight path and 
around sharp corners were observed experi-
mentally. The measured dispersion relation of 
the waveguiding band agrees well with the re-
sults of the classical wave analog of tight-
binding method. Because Maxwells equations 
have no fundamental length scale, our micro-
wave results can easily be extended to the vis-
ible spectrum. 
This work is supported by the Turkish Sci-
entific and Technical Research Council of 
TURKEY (TÜBiTAK) under Contract No. 
197-E044, NATO Grant No. SfP971970, Na-
tional Science Foundation Grant No. INT-
9512812, and NATO-Collaborative Research 
Grant No. 950079. 
1. M. Bayindir, B. Temelkuran, E. Ozbay, 
"Tight-binding description of the coupled 
defect modes in three-dimensional pho-
tonic crystals," submitted to Physical Re-
view Letters (September 1999). 
2. B. Temelkuran and E. Ozbay, "Experi-
mental demonstration of photonic crystal 
based waveguides," Appl. Phys. Lett. 74, 
486-488(1999). 
3. A. Mekis, et al., "High transmission 
through sharp bends in photonic crystal 
waveguides," Phys. Rev. Lett. 77, 3787-
3790(1996). 
4. S.-Y. Lin, E. Chow, V. Hietala, P.R. Ville-
neuve, J.D. Joannopoulos, "Experimental 
demonstration of guiding and bending of 
electromagnetic waves in a photonic crys-
tal," Science 282, 274-276 (1998). 
5. A. Yariv, Y. Xu, R.K. Lee, A. Scherer, 
"Coupled-resonator optical waveguide: a 
proposal and analysis," Opt. Lett. 24,711-
713(1999). 
6. K. Sakoda, "Enhanced light amplification 
due to group-velocity anomaly peculiar to 
two- and three-dimensional photonic 
crystals," Opt. Express 4,167-176 (1999), 
and references therein. 
7. M. Scalora, I.P. Dowling, C.M. Bowden, 
M.J. Bloemer, "Optical limiting and 
switching of ultrashort pulses in nonlinear 
photonic band gap materials," Phys. Rev. 
Lett. 73, 1368-1371 (1994). 
